Exposure to smoking-associated environmental cues during smoke cessation elicits self-reported urge/craving to smoke, which precipitates relapse even after prolonged abstinence. Incubation of cue-induced cigarettes craving during abstinence has been observed in human smokers recently. The present studies assessed cue-induced nicotine-seeking behavior under different withdrawal conditions in rats with a history of nicotine self-administration. We found that non-reinforced operant responding during cue-induced nicotine seeking after different periods of withdrawal from nicotine exhibited an inverted U-shaped curve, with higher levels of responding after 7-21 days of withdrawal than those after 1-day withdrawal. Cue-induced nicotine-seeking responding is long lasting and persists even after 42 days of forced withdrawal in the home cages. Interestingly, repeated testing of cue-induced nicotine seeking at different withdrawal time points (1, 7, 14, 21 and 42 days) in the same individual alleviated responding as compared with the between-subjects assessment. Furthermore, extinction training during nicotine withdrawal significantly decreased cue-induced reinstatement of nicotine-seeking behavior. Together, profound time-dependent incubation of cue-induced craving in nicotineexperienced rats were observed. In addition, repeated cue exposure or extinction training decreases cue-induced craving. The demonstration of incubation of nicotine craving phenomenon in both rat and human studies provides support for the translational potential of therapeutic targets for relapse uncovered through mechanism studies in rats.
INTRODUCTION
Relapse to smoking in abstinent smokers is a major hurdle in the promotion of smoking cessation (Hughes et al. 2004; Shiffman et al. 2008; Agboola et al. 2010) . The successful abstinence rates are low even after treatment with the available smoking cessation aids such as nicotine replacement therapy, bupropion and varenicline (Jorenby et al. 2006; Perkins et al. 2010; Anthenelli et al. 2016) . Accumulating clinical studies show that smoking cessation is associated with increased craving, which has been indicated to be a negative predictor of abstinence (Doherty et al. 1995; Powell et al. 2010) . Self-reported baseline (non-provoked) craving starts to increase within the first hours of abstinence (Brown et al. 2013; Bujarski et al. 2015) , peaks within the first few days and then subsides gradually (Tsaur et al. 2015) . This baseline craving may contribute to relapse to smoking occurred soon after quitting. However, smoking-cue-induced (provoked) cigarette craving time-dependently increases within the first 35 days of abstinence despite progressively decreasing baseline craving and withdrawal symptoms (Bedi et al. 2011) . Although the majority of smokers relapse within the first weeks of abstinence, relapse can occur even after prolonged abstinence (Garvey et al. 1992) . The conditioned-craving induced by smoking-associated cue may be an important factor underlying this timedelayed relapse (Bedi et al. 2011) .
In the preclinical laboratory settings, the motivational properties of stimuli that had previously been associated with the reinforcing effects of nicotine are assessed in the cue-induced reinstatement of nicotine-seeking procedure (Chiamulera 2005; Epstein et al. 2006) . While most animal studies on nicotine seeking used a reinstatement model that involves extinction of the nicotine-reinforced responding, in most cases extinction is not a condition experienced by human smokers before relapse conditions occur. The incubation of craving model specifically assesses drug craving after withdrawal without extinction training (Grimm et al. 2001) . Time-dependent increases in cue-induced drug seeking have been observed after withdrawal from cocaine (Grimm et al. 2001; Lu et al. 2004a) , heroin (Shalev et al. 2001; Airavaara et al. 2011) , alcohol (Bienkowski et al. 2004) and methamphetamine (Shepard et al. 2004) selfadministration in rats. One of the common findings in these studies is the significant long-lasting drug craving after forced abstinence. Specifically, persistence of drug craving was observed after 180 days of cocaine withdrawal (Grimm et al. 2001; Lu et al. 2004a Lu et al. ,2004b , after 66 days of heroin withdrawal (Shalev et al. 2001; Shiffman et al. 2008) , after 56 days of alcohol withdrawal (Bienkowski et al. 2004) or after 51 days of methamphetamine withdrawal (Shepard et al. 2004) in rats.
The impact of the nicotine withdrawal period on vulnerability to nicotine seeking induced by re-exposure to nicotine-associated cues is largely unknown. Abdolahi et al. observed cue-induced nicotine seeking after 1 or 7 days of forced withdrawal in rats (Abdolahi et al. 2010) . They found that the 7-day withdrawal group had higher responding during the reinstatement testing than the 1-day withdrawal group. Compared with the studies of other drugs of abuse as indicated previously, the time frame used in this study is very short. Bedi et al. examined the time course (on days 7, 14 and 35) of smoking-cueinduced craving in humans after smoking cessation. They found that cue-induced cigarette craving increased with abstinence, with greater craving observed in the 35-day abstinence group than in the 7-day abstinence group. Interestingly, when the participants received repeated cue exposure on days 7, 14 and 35, these individuals exhibited weaker cue-induced craving on day 35 than those who underwent single cue exposure on the final abstinence day 35. To characterize the dynamic changes of cueinduced nicotine craving over the course of withdrawal in rats, we first assessed cue-induced nicotine-seeking behavior over different periods (1, 7, 14, 21 or 42 days) of forced withdrawal from nicotine self-administration by using a between-subjects assessment in rats (Experiment 1a). Because the clinical study indicates that repeated cue exposure may cause some extinction of the conditioned response in the within-subject group (Bedi et al. 2011) , we also assessed repeated testing of cue-induced nicotine seeking at different forced withdrawal time points (1, 7, 14, 21 and 42 days) in the same group of rats (within-subjects assessment; Experiment 1b). Cue-induced reinstatement of drug-seeking behavior that involves extinction training after self-administration is the most commonly used procedure in animal studies for the evaluation of the motivational properties of nicotine-associated cues (Chiamulera 2005; Epstein et al. 2006) . We predicted that rats that undergo extinction training during withdrawal may exhibit lower cue-induced craving as compared with those observed in the forced withdrawal rats because extinction training suppresses conditioned behavioral responses through learning of new contextual relationships (Bouton 2002) . To test this hypothesis, we assessed cue-induced reinstatement of nicotine seeking over different periods of withdrawal with extinction training (between-subjects assessment; Experiment 2).
MATERIALS AND METHODS

Subjects
Male Wistar rats (Charles River, Raleigh, NC, USA), weighing 300-350 g at the start of the experiments, were housed two per cage on a reverse 12 hour/12 hour light/dark cycle in a temperature-controlled and humidity-controlled vivarium. All behavioral testing occurred during the dark phase. The rats had unrestricted access to water except during testing and were foodrestricted to 22-24 g of rat chow per day, provided to them at least 1 hour after the end of behavioral testing. The animal procedures were conducted in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals, and the experiments were approved by the University of California, San Diego, Animal Care and Use Committee. Naive rats were used for each experiment described in the next discussions.
Apparatus
Standard operant conditioning chambers (Med Associates, St. Albans, VT, USA) each housed in a soundattenuated box were used. In each chamber, the right side wall contained two metal retractable levers mounted 6.5 cm above the metal grid floor of the chamber with a stimulus light located above each lever. A food receptacle was located between the two levers. A house light was located on the left side wall. Food was dispensed via a food dispenser. Intravenous infusions were delivered by an infusion pump (Razel Scientific Instruments, Stamford, CT, USA) through Tygon tubing protected by a spring lead that was connected on one end to a swivel to allow free movement of the animal and on the other end, to the catheter base mounted in the midscapular region of the animal.
Nicotine self-administration
Rats were first trained to lever press for food (45 mg Noyes standard food pellets) during 1-hour sessions daily. Responding on the active lever resulted in the delivery of food pellets. Responses on the inactive lever were recorded but had no consequences. The delivery of a food pellet was earned by responding five times on the active lever. After 5-7 days of food self-administration training, rats were surgically prepared with an intravenous catheter that was inserted into the right jugular vein under isoflurane (1-3% in oxygen) anesthesia as described previously (Liechti et al. 2007) . After 1-week recovery from intravenous catheter implantation, rats were allowed to self-administer nicotine (0.03 mg/kg free base/infusion in a volume of 0.1 ml over 1 second) during 1-hour sessions daily. (-)Nicotine hydrogen tartrate (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline, and the pH was adjusted to 7.4. The nicotine infusion was delivered by an infusion pump and was earned by responding five times on the active lever (FR5TO20s). The infusions were paired with a cue light located above the active lever, which was lit simultaneously with the initiation of the food reward and remained illuminated throughout the 20-second time-out period, during which responding was recorded but not reinforced. Responses on the inactive lever were recorded but had no consequences. Each session began with the insertion of the levers and the illumination of a houselight that remained on for the entire session. At the end of each session, the houselight was turned off and the levers retracted. Rats were considered to have acquired stable self-administration when they pressed the active lever more than twice the number of times they pressed the inactive lever and received a minimum of six infusions/1 hour session, with less than 20% variance in the number of infusions earned per session over three consecutive sessions. Rats were allowed to self-administer nicotine for 3 weeks (5 days/week).
Withdrawal with extinction
The experimental conditions of the 1-hour daily extinction training were identical to those of the nicotine self-administration procedures described previously, with the exception that the responses on the active lever will have no consequences (i.e., no cue-light presentation, no nicotine infusion, no syringe pump activation and noise).
Withdrawal without extinction
Rats were housed in home cages in the animal facility and handled every other day.
Cue-induced nicotine seeking
Nicotine-seeking sessions were initiated by the presentation of a single non-contingent cue light (20 seconds), followed by an extension of the active and inactive levers into the testing chamber. Responses on the active lever led to contingent presentations of the discrete cue light and the delivery of a saline infusion (0.1 ml/1 second) to maximize the drug-associated cues that were experienced during the drug seeking sessions. Cue-induced responding was measured as the number of responses on the active lever throughout the test session, including during the timeout periods. Responses on the inactive lever were recorded but had no consequences.
Experimental designs
Experiment 1: Cue-induced nicotine-seeking behavior after withdrawal without extinction Two different experimental designs were used (see the timeline of experimental procedures in Fig. 1 ). Experiment 1a used a between-subjects assessment. After establishing stable nicotine self-administration, rats were randomly assigned to one of the five groups (n = 8-9/ group), counterbalanced for number of nicotine infusions earned per session. Different groups of rats then underwent different periods of withdrawal from nicotine (1, 7, 14, 21 or 42 days) in home cages before the cue-induced nicotine-seeking testing. Experiment 1b used a within-subjects assessment. After establishing stable nicotine self-administration, a group of rats (n = 8) underwent withdrawal from nicotine in home cages and were tested repeatedly for cue-induced nicotine seeking on days 1, 7, 14, 21 and 42 after withdrawal from nicotine self-administration.
Experiment 2: Cue-induced reinstatement of nicotine-seeking behavior after withdrawal with extinction A between-subjects assessment was used for this experiment (see the timeline of experimental procedures in Fig. 2 ). After establishing a stable nicotine self-administration, rats were randomly assigned to one of the five extinction groups (n = 8-10/group), counterbalanced for number of nicotine infusions earned per session. Different groups of rats then underwent different periods of extinction training (i.e. 0, 6, 13, 20 or 41 consecutive daily extinction training). Cue-induced reinstatement of nicotine-seeking testing was conducted 1 day after the last extinction phase (For the 0 day of extinction group, nicotine seeking was tested 1 day after the last self-administration session). Therefore, the reinstatement testing in different groups was conducted on days 1, 7, 14, 21 and 42 after withdrawal from nicotine self-administration, which was correspondent with the nicotine-seeking testing timeline in Experiment 1.
Statistical analyses
Data in Experiments 1a and 2 were analyzed using a twoway analysis of variance (ANOVA) with withdrawal period as the between-subjects factor. Data in Experiment 1b were analyzed using a two-way ANOVA with repeated measures, with withdrawal period as the within-subjects factor.
RESULTS
Experiment 1: Cue-induced nicotine-seeking behavior after withdrawal without extinction
Time-dependent changes in incubation of cue-induced nicotine seeking were observed in either betweensubjects or within-subjects assessment (Fig. 1) . However, the patterns were different in these two experiments.
When cue-induced nicotine seeking at different withdrawal periods (1, 7, 14, 21 or 42 days) were tested in different groups of rats (between-subjects assessment; Fig. 1a) , the responding on the previous active lever exhibited an inverse U-shaped curve, with maximal responding observed in the 7-day withdrawal group. Similar levels of responding were also observed in the 14-day and 21-day, but not the 42-day withdrawal Figure 2 Cue-induced reinstatement of nicotine-seeking behavior after withdrawal with extinction in rats. (a) Total active and inactive lever presses in the last extinction session after 6 (n = 10), 13 (n = 8), 20 (n = 8) or 41 (n = 9) consecutive daily extinction training. (b) Total active and inactive lever presses in cue-induced reinstatement tests after 1 (n = 10), 7 (n = 10), 14 (n = 8), 21 (n = 8) or 42 (n = 9) days of withdrawal with extinction training. *P < 0.05, **P < 0.01, ***P < 0.001, compared with inactive lever presses at the same time points. ##P < 0.01, ###P < 0.001, compared with active lever presses after 1 day of withdrawal with extinction Figure 1 Cue-induced relapse of nicotine-seeking behavior after withdrawal without extinction in rats. (a) Between-subjects assessment. Total active and inactive lever presses in cue-induced reinstatement tests after withdrawal from nicotine self-administration for 1 (n = 9), 7 (n = 9), 14 (n = 8), 21 (n = 8) or 42 (n = 9) days. (b) Within-subject assessment. Total active and inactive lever presses in cue-induced reinstatement tests after withdrawal from nicotine self-administration for 1, 7, 14, 21 and 42 days (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001, compared with inactive lever presses at the same time points. #P < 0.05, ##P < 0.01, ###P < 0.001, compared with active lever presses in 1-day withdrawal groups. Two-way ANOVA indicated a significant main effect of withdrawal period: F 4,76 = 6.07, P < 0.001, lever: F 1,76 = 155.7, P < 0.001 and withdrawal period × lever interaction: F 4,76 = 5.04, P < 0.01. The post hoc tests revealed a significant increase in active lever responding in 7-day (P < 0.01), 14-day (P < 0.05) and 21-day (P < 0.05) withdrawal groups, but not in 42-day groups, as compared with the 1-day withdrawal group.
When cue-induced nicotine seeking at different withdrawal periods (1, 7, 14, 21 and 42 days) were tested in the same group of rats (within-subjects assessment; Fig. 1b) , the maximal responding on the active lever was also observed after a 7-day withdrawal. Then, there was a time-dependent decrease in responding after 14, 21 and 42 days of withdrawal. Two-way ANOVA with repeated measures indicated a significant main effect of withdrawal period: F 4,56 = 13.65, P < 0.001, lever: F 1,56 = 56.35, P < 0.001 and withdrawal period × lever interaction: F 4,56 = 10.97, P < 0.001. The post hoc tests revealed a significant increase in active lever responding after 7 days (P < 0.001) and 14 days (P < 0.05), but not after 21 or 42 days, of withdrawal as compared with the 1-day withdrawal group.
Experiment 2: Cue-induced reinstatement of nicotine-seeking behavior after withdrawal with extinction Cue-induced reinstatement of nicotine-seeking behavior after different withdrawal with extinction periods were tested in different groups of rats (Fig. 2) . Figure 2a presents the total active and inactive lever presses in the last extinction session after 6, 13, 20 or 41consecutive daily extinction training. There was a time-dependent decrease in active lever responding after prolonged extinction training. Two-way ANOVA indicated a significant main effect of extinction period: F 3,62 = 2.84, P < 0.05 and lever: F 1,62 = 53.93, P < 0.001. Figure 2b presents the total active and inactive lever presses during cue-induced reinstatement of nicotine-seeking testing. The maximal responding on the active lever was also observed after a 7-day withdrawal with extinction. Then, there was a time-dependent decrease in responding after 14, 21 and 42 days of withdrawal with extinction. Two-way ANOVA indicated a significant main effect of extinction period: F 4,80 = 17.41, P < 0.001, lever: F 1,80 = 33.3, P < 0.001 and extinction period × lever interaction: F 4,80 = 14.62, P < 0.001. The post hoc tests revealed a significant increase in active lever responding after 7 days (P < 0.001), but not after 14 or 21 days, of withdrawal with extinction, compared with the 1-day withdrawal group. Moreover, there was a significant decrease in active lever responding after 42 days (P < 0.01) of withdrawal with extinction, compared with the 1-day withdrawal group.
We then compared the active lever responding in Fig. 1a and Fig. 2b to indicate the difference between extinction training and forced withdrawal in the home cage on incubation of cue-induced craving (Fig. 3) . Compared with withdrawal without extinction groups, there was a significant decrease in responding in the withdrawal with extinction groups, indicating that extinction training decreased nicotine craving induced by exposure to nicotine-associated environmental cues. Two-way ANOVA indicated a significant main effect of withdrawal condition: F 1,78 = 28.32, P < 0.001, withdrawal period: F 4,78 = 14.5, P < 0.001 and withdrawal condition × withdrawal period interaction: F 4,78 = 2.69, P < 0.05. The post hoc tests revealed a significant decrease in active lever responding after 14 and 21 days (P < 0.001), but not after 7 or 42 days, of withdrawal with extinction, compared with the responding in the withdrawal without extinction groups at the corresponding time points.
DISCUSSION
The present studies show the profound time-dependent changes in cue-induced nicotine-seeking behavior under different withdrawal conditions in nicotine-experienced rats. Non-reinforced operant responding during cueinduced nicotine seeking after different periods of withdrawal from nicotine in the home cages exhibited an inverted U-shaped curve, with higher levels of responding after 7-21 days of withdrawal than those after 1-day withdrawal. Cue-induced drug seeking responding after 42 days of forced withdrawal in the home cages was lower than those after 7-21 days of withdrawal, but was similar as those after 1 day of withdrawal, suggesting that nicotine associated cue-induced nicotine seeking is long lasting and persists. Interestingly, repeated testing of cue-induced nicotine seeking at different withdrawal time points in the same individual (within-subjects assessment) alleviated subsequent reinstatement responding as compared with Figure 3 Cue-induced nicotine-seeking responding after withdrawal with or without extinction training. **P < 0.01, ***P < 0.001, difference between withdrawal without extinction and withdrawal with extinction those observed in the between-subjects assessment. Furthermore, extinction training during nicotine withdrawal significantly decreased cue-induced reinstatement of nicotine-seeking behavior.
Time-dependent changes of incubation of nicotine craving
Conditioned motivational effects of smoking-associated environmental stimuli (e.g. the sight and smell of a lit cigarette or contexts within which smoking occurs) contribute to the maintenance of tobacco smoking (Rose et al. 1993; Rose 2006) and play a critical role in eliciting drug seeking and relapse to drug taking in humans (O'Brien & McLellan 1996; O'Brien et al. 1998; Childress et al. 1999) . Similarly, specific environments in which individuals smoke can generate strong self-reported urges or craving to smoke (Conklin 2006) . Interestingly, a recent human study indicated that this cue-induced craving increased with abstinence duration in cigarette smokers, with higher level of craving after 35-day abstinence than that after 7-day abstinence (Bedi et al. 2011) .
The property of nicotine to facilitate the formation of strong associations between environmental cues and nicotine taking has been observed reliably in animals as well. In rats, environmental cues associated with nicotine delivery enhanced both the acquisition and maintenance of nicotine self-administration (Caggiula et al. 2001 (Caggiula et al. , 2002 . Furthermore, contingent presentation of nicotineassociated conditioned stimuli prolonged the extinction of nicotine seeking in rats (Donny et al. 1999; Caggiula et al. 2001) . In addition, nicotine-seeking behavior can be reinstated by response-contingent presentation of nicotine-paired stimuli (LeSage et al. 2004; Liu et al. 2006; Liechti et al. 2007) .
Here, we showed that nicotine associated-cue elicited nicotine-seeking behavior even after 42 days of forced withdrawal at home cages, with responding at similar levels as that after 1 day of withdrawal (Fig. 1a) , indicating that cue-induced craving is long lasting in rats with a history of nicotine self-administration. This finding is consistent with previous study showing that cue-induced reinstatement of nicotine seeking was observed at 41 days after nicotine self-administration (Liu et al. 2008) . Moreover, the non-reinforced operant responding was higher after 7, 14 or 21 days of withdrawal than those after 1 or 42 days of withdrawal, suggesting an inverted U-shaped curve of incubation of nicotine craving in rats. Interestingly, while this manuscript was in review, a report of similar results was published by Funk et al. which showed that rat exhibited maximal nicotineseeking responding on withdrawal day 14 compared with days 1, 7 or 28 (Funk et al. 2016) . The similar findings in two independent studies conducted in different laboratories at the similar time provide strong evidence demonstrating the characteristic time-dependent changes of incubation of nicotine craving in rats, a reliable phenomenon that can be detected repeatedly. This incubation of craving phenomenon in rats is congruent with incubation of cue-induced cigarette craving in human smokers as discussed previously (Bedi et al. 2011) . We noticed that cue-induced craving increases within 35 days of abstinence in smokers, while our study shows an inverted U-shaped curve over 42 days of forced withdrawal in nicotine-experienced rats. Several possibilities may contribute to the different patterns of craving across time in these two studies. First, in human study, participants smoked cigarette for years and were tested for cue-induced craving over 35 days of abstinence, while in rat study, rats self-administered nicotine for 3 weeks and tested for cue-induced craving over 42 days of withdrawal. Second, human cigarette smoking has more complicated environmental cues than those in nicotine self-administration rats in the laboratory settings. Interestingly, it seems that the inverted U-shaped function of drug craving is a general phenomenon observed after a prolonged withdrawal from different drugs of abuse in rats. For example, maximal cocaine-seeking responding was observed after days 30 and 60 of withdrawal from cocaine self-administration, followed by decreased responding after day 180 of withdrawal (Grimm et al. 2001; Lu et al. 2004a Lu et al. ,2004b . Moreover, maximal drug seeking was reported after days 6 and 12 of heroin withdrawal in rats, followed by decreased responding after days 25 and 66 of withdrawal (Shalev et al. 2001) . In addition, maximal responding was observed after days 28 of withdrawal from alcohol self-administration, followed by decreased responding after day 56 of withdrawal (Bienkowski et al. 2004) . It is possible that similar to the baseline (non-provoked) craving, smoking-cueprovoked cigarette craving may subside slowly over prolonged abstinence. In support of this hypothesis, meta-analyses of data showed that relapse rate was 17% in weeks 9-12 post abstinence versus 8% at week 52 post abstinence (Agboola et al. 2015) , suggesting a gradually decreased craving over time with long-term smoking cessation. Thus, to fully characterize the longitudinal changes in cue-induced cigarette craving after abstinence in humans, a prolonged period (beyond 35 days of abstinence) may be necessary.
It is worth to mention that to examine the translational potential of this model, the experimental design we used here in rats is very similar to that used in human studies. In human studies, smokers abstained from smoking for different periods of time before they were exposed to a cue session on the final abstinence day without any extinction training (Bedi et al. 2011) . In the present study, the rats also underwent different periods of forced withdrawal before they were exposed to cues previously associated with nicotine self-administration, without extinction before cue session. The demonstration of incubation of cue-induced nicotine craving phenomenon in both human and rat studies provides support for the translational potential of therapeutic targets for relapse uncovered through mechanism studies in rats. Furthermore, this time-dependent changes in cue-induced drug seeking in nicotine-experienced rats are in line with previous findings in rats after withdrawal from other drugs of abuse, such as cocaine (Grimm et al. 2001; Lu et al. 2004a) , heroin (Shalev et al. 2001; Shiffman et al. 2008) , alcohol (Bienkowski et al. 2004 ) and methamphetamine (Shepard et al. 2004 ) self-administration. Thus, incubation of craving is a general phenomenon for addiction to most drugs of abuse, although different drugs of abuse may exhibit different time-dependent patterns as discussed previously.
It should be noted that the negative affective and somatic symptoms of acute nicotine withdrawal and selfreported baseline (non-provoked) craving peaks within the first few days and then subsides in smokers (Bedi et al. 2011; Tsaur et al. 2015) . Similarly, in the preclinical studies, nicotine withdrawal-induced aversive affective signs, such as depression-like anhedonia and anxiety-like behavior, and somatic signs peaks 1-2 days after withdrawal from nicotine and then subsides quickly in rats (Kenny et al. 2003; Skjei & Markou 2003) . It has been demonstrated that early withdrawal symptoms and baseline craving contribute to the high rates of relapse within the first weeks of abstinence (Doherty et al. 1995; Powell et al. 2010) . However, relapse can occur even after prolonged abstinence when these nicotine withdrawal symptoms and baseline craving have abated (Garvey et al. 1992) . On the contrary, the conditioned-craving induced by nicotine-associated cue increased with longer withdrawal and persisted for a long period, as shown in the present study and others, therefore may be an important factor underlying this time-delayed relapse (Bedi et al. 2011) . In addition, it has been indicated that the shifts from negative affect to positive affect and deficits in response inhibition at longer time points during smoking cessation may also contribute to relapse after a period of abstinence (Bujarski et al. 2015; Tsaur et al. 2015) . The neurobiological mechanisms underlying incubation of nicotine craving is largely unknown. Notably, more Fos-positive neurons in different brain areas (e.g. amygdala, medial prefrontal cortex, orbitofrontal cortex and nucleus accumbens) were detected after 14 days of nicotine withdrawal than after 1 day in rats. Moreover, selective inactivation of these Fos-positive neurons in the central amygdala decreased incubation of nicotine seeking (Funk et al. 2016) . Human imaging studies indicate that exposure to nicotine-associated cues increased BOLD activity in the amygdala (McClernon et al. 2007; Sutherland et al. 2013) . Thus, it seems that the amygdala, a brain site that is critically involved in the incentive motivations aspects of drug-associated cues and drug seeking, plays an important role in incubation of nicotine craving.
Effects of extinction on cue-induced nicotine seeking
Interestingly, incubating of cue-induced craving was weaker in within-subjects assessment than in betweensubjects assessment. In within-subjects assessment, only 7-day and 14-day withdrawal showed increased nicotine-seeking responding as compared with 1-day withdrawal (Fig. 1b) , while 21-day withdrawal exhibited the similar responding as 1-day withdrawal. The weaker craving observed in within-subject assessment in rats is consistent with the report in humans which showed that when the participants received repeated cue exposure on days 7, 14 and 35, these individuals exhibited weaker cue-induced craving on day 35 than those who underwent single cue exposure on the final abstinence day 35 (Bedi et al. 2011) . One possible explanation for this observation is that some extinction of the conditioned responses occurs when the subjects are exposed repeatedly to nicotine-associated cues (including the contextual and discrete cues) during the drug seeking tests at different withdrawal periods. That is, repeated exposure to cues decreases conditioned motivational effects of nicotine-associated environmental stimuli, therefore attenuating cue-induced craving.
This notion is further supported by the findings in the experiments assessing cue-induced reinstatement of nicotine-seeking behavior after different periods of withdrawal with extinction training (Fig. 2a) . Similar to reinstatement after withdrawal without extinction training, nicotine-seeking responding induced by discrete cue was higher in the 7-day extinction group than that observed in the 1-day extinction group, suggesting that incubation of craving phenomenon exists even under withdrawal with extinction condition. However, extended extinction significantly diminished cue-induced craving, as supported by the evidence that 14-day extinction group showed similar responding as 1-day group, and, most prominently, 42-day extinction group exhibited lower responding than the 1-day group. These findings strongly suggest the inhibitory efficacy of extinction training on the motivational power of environmental cues previously associated with nicotine administration in rats. Extinction training is an inhibitory form of learning that suppresses conditioned behavioral responses through learning of new contextual relationships (Rescorla 2001; Bouton 2002 Bouton , 2004 . It should be noted that rats were exposed to the contextual cue during the extinction training in the present study. So this training facilitates drug-context cue disassociation and extinction of nicotine contextual memory, while preserves drug-discrete cue association. It was the discrete cue-induced craving that was observed during the reinstatement tests in this experiment. Compared with cue-induced nicotine seeking after withdrawal without extinction training, the reinstatement responding after withdrawal with extinction training was significantly decreased (Fig. 2b) , indicating a less craving state after extinction training. These findings may have significantly clinical implications, suggesting that cue-exposure therapy may be helpful to prolong abstinence and prevent relapse in drug dependent patients.
In sum, the present study demonstrated timedependent changes in cue-induced nicotine seeking and the persistence of cue-induced craving in nicotineexperienced rats. In addition, repeated cue exposure or extinction training decreases cue-induced craving. Future research will elucidate the neurobiological substrates underlying incubation of cue-induced nicotine craving in rats. Furthermore, in addition to smoking-associated cues, re-exposure to cigarettes or stress also triggers relapse even after prolonged abstinence. Thus, future study will explore whether cravings induced by nicotine-priming or stressors also increase with extended periods of abstinence.
